The bioremediation of petroleum-contaminated soil was investigated on laboratory scale. This work evaluated the effect of co-substrate addition in tropical climate soil highly contaminated with oily residue. Glycerol and soybean oil were used as auxiliary co-substrates for contaminant degradation. Three different concentrations of co-substrate were tested, and the experiments were carried out over 60 days. The following parameters were monitored: humidity, pH, total heterotrophic bacteria, total fungi, total petroleum hydrocarbons (TPH), and the concentrations of benzo[a]pyrene and chrysene. The soil supplementation with renewable co-substrates improved the efficiency of the biodegradation TPH, with removals of 85% and 83% for glycerol and soybean oil, respectively, compared to a 55% removal yielded by the biodegradation process without supplementation. The use of glycerol increased Chrysene and Benzo[a]pyrene biodegradation by 50%, while soybean oil supplementation increased their removal by 36%.
INTRODUCTION
One of the greatest unsolved issues in the oil and natural gas industry is the adequate disposal of oil residues, such as tank slops and sludge, generated in refinery thermal units. The costs related to sustainable and efficient treatment and disposal procedures for these residues are of great concern to both industrial and academic sectors. Society is concerned about these issues because all people are ultimately affected by hazardous events like oil spills that can happen on or offshore.
The biodegradation of oily waste into a contaminated soil is a recently developed treatment route. The objective of this treatment is to use the potential of natural soil microbiota to degrade the organic compounds in oily waste, decreasing its toxicity whenever adequate physical and chemical conditions for biodegradation are present (Huang et al., 2004 ). Biotechnological treatments not only are energy highly efficient but also cost less than conventional treatments. These treatments offer a large range of applications in terms of types and concentrations of contaminants (Oliveira and de França, 2005). While bioremediation is known for its low cost and its efficiency, it can be influenced by several factors, such as microbiota, climate, the weathering of contaminants, and the concentrations of organic compounds ( 
MATERIAL AND METHODS
Soil originated from a landfarming area was collected from the Brazilian oil and gas industry located in the north of the country. All the samples were taken at a depth of 15cm from the surface.
Physical analysis
Soil size distribution analysis was performed using conventional screen procedures for the separation of stones and sand. Screening was followed by sedimentation of fine materials in sodium ortho-phosphate solution. Soil water content was determined using porcelain crucibles and an infrared humidity analyzer. Soil pH values were measured in 1:1 (w/w) distilled water suspensions. The water holding capacity (WHC) of the soil samples were determined by weight analysis (Watwood et al., 1991).
Chemical analysis
To determine Total Petroleum Hydrocarbon (TPH), the soil samples were supplemented with deuterated tricontane. Samples were submitted to 16 EPA priority determinations, and deuterated PAH compounds were used as standards. The samples were subjected to Soxhlet extractions with ultra pure methylene chloride for 16h according to EPA Method 3540C (EPA, 1996). The extracted phase was submitted to a cleanup procedure in a silica gel chromatographic column according to EPA Method 3630 (EPA, 1996). The sample volume was reduced to 1mL under N 2 . TPH was measured following EPA Method 8015 (EPA, 1996) using a Thermo Finnigan Focus gas chromatograph equipped with a DB-5 capillary column and a flame ionization detector. PAH, on the other hand, were quantified using EPA Method 8270 (EPA, 1996) with a Thermo Finnigan Focus gas chromatograph equipped with DB-5-MS column and a DSQ 2 Thermo Finnigan mass spectrometer operating at selective ion mode (less than 3 cycles/s).
Total nitrogen and total phosphorus were measured by conventional methods using a UV-Vis spectrophotometer according to methods described previously (Embrapa, 1997).
Microbiological count
Quantification of the microbiological groups present in the soil samples, both Total Heterotrophic Bacteria (THB) and Total Fungi (TF), was conducted using the pour plate Technique. A 0.9% (m/v) NaCl solution (90mL) was transferred to Erlenmeyer flasks containing 10g of soil samples, which were shaken for 15 min at 150 RPM. Samples (1mL) were submitted to a successive dilution procedure and cultivated in a culture medium specific to each microbial group. Agar Sabouraud with glucose 2% (m/v) was used for TF while the Agar Nutrient Medium was used for THB. The plates were placed in a bacterial incubator at 30±1 o C for 48h for bacterial cell growth and counting and for 120h for fungi cell growth and counting. The results were expressed as colonyforming units per gram of dry soil (CFU/g dry soil). All microbiological counts and experiments were carried out in triplicate.
Bioremediation tests
Biodegradation experiments were conducted in polyethylene reactors 20cm long, 20cm wide and 10cm high. Contaminated soil (2kg) was added to each reactor, and the soil humidity was adjusted to 20-25%, which corresponds to 70-80% of the soil water holding capacity (Watwood et al., 1991).
THB, TF, TPH, PAH, pH, and moisture were monitored throughout the process. The potential of two co-substrates -GLY and SBO -in the biodegradation of TPH was tested. Commercial soybean oil was used. Each co-substrate soil was supplemented with 375, 750, and 1500mg of cosubstrate per kg of soil. To guarantee oxygen supply, the soil was aerated manually every 72h using a glass stirring rod. Soil sampling for experimental analysis was carried out by collecting 10g of the soil from three equidistant locations. This was performed to mix and to homogenize the soil samples to get a unique final sample. To determine abiotic losses, control tests were carried out using a silver nitrate solution 10% (m/v) biocide instead of water in moisture control. All tests were conducted in triplicate, and the results were presented as the mean of the three independent experiments. Blank tests were executed without co-substrate supplementation using same procedure for water addition and aeration.
RESULTS AND DISCUSSION
Some parameters related to the physical and chemical characterization of the soil are presented in Table 1 . The contaminated soil contained 38% fine materials (clay and silt). Although clay and silt have high surface areas, the sorption phenomenon of contaminants on these materials was favored, making it harder for contaminants less bioavaliable. Hydrocarbon degradation by bacteria and fungi were favored at pH values close to The chromatogram of the soil organic extract (Figure 1 ) presented an Unsolved Complex Mixture (UCM) or organics, and neither pristane nor phytane were detected. The following organic compounds were present in the UCM: gasoline (TPH GRO), 4%; kerosene (TPH-KRO), 1%; diesel (TPH DRO), 5%; and lubricants (TPH ORO), 90% (w/w). The absence of pristane and phytane, the concentrations of TPH GRO and TPH DRO, and the elevated base line suggested that the weathering process was taking place in the petroleum waste, increasing the difficulty of biotreatment. In fact, the hazardousness of the residue is a result of chemical, physical, and biological processes occurring within the residue that may affect the types of compounds that remain in the soil. In addition, a high concentration of TPH was observed, which also makes bioremediation difficult (Del'Arco and de França, 2001). Among the 16 U.S. EPA priority PAHs, the soil contained chrysene (CHR) and benzo[a]pyrene (BaP) as predominant compounds, with concentrations of 21,640 and 41,048 µg/kg, respectively. Other PAHs were detected at concentrations very close to the sample quantification limit 1,083 µg/kg for each PAH.
All of the bioremediation assays began with a pH 6.9±0.1, decreasing slightly through the test period (60 days), reaching values of 6.5 for the tests without co-substrates and 6.0 for the tests with co-substrates. The decrease in pH may be explained by the fact that when the microbiota present in the soil are active, the metabolic breakdown of the light and heavy fractions of petroleum produces several types of organic acids which, in turn, reduce pH (Watson et al., 2002) . It is also important to report that soil phyllosilicates, iron, and aluminium oxyhridroxides may provide some buffering capacity, contributing to the slight pH decrease.
During the tests, the soil moisture was kept between 70 to 80% of the WHC, which is considered ideal for biodegradation processes (Ramírez et al., 2009 ). Another reason to maintain the soil moisture in that range is that a greater percentage of water would decrease oxygen dispersion in the soil, demanding greater effort to accomplish the aerobic biodegradation of hydrocarbons (Marin et al., 2005) . The aqueous phase in soil enhances the microbial solid/liquid interface, facilitates contaminant transport to the microbial cells, and permits the diffusion of microbial excreta. In addition, water competes for the same binding sites as PAH in the solid phase of soil, resulting in an increase in the degree of desorption of these organics. Abiotic losses were less than 10%. Abiotic losses are attributed to volatilization and photo-oxidation (Imfeld et al., 2009) . Regardless of the co-substrate used, there was a decrease in soil TPH concentration during the 60-day process (Figure 2 ). Both GLY and SBO supplements, at concentrations of 375 and 750mg of co-substrate per kg of soil, produced good results, provided that TPH were lower than 5 g/kg of soil, which is the limit for intervention for fine soils in industrial areas according to an international quality standard (Netherlands Government Gazette, 1994). When the soil was supplemented with 1500 mg of cosubstrate per kg of soil, biodegradation was slightly reduced, most likely because soil microorganisms biodegraded the co-substrate to the exclusion of the contaminants (Silva et al., 2010) . U.S. EPA Method 8015 reports the concentrations of extractable hydrocarbons, sometimes referred to as gasoline, kerosene, diesel, and oil range organics; or TPH GRO, TPH KRO, TPH DRO and TPH ORO, respectively, because the boiling point ranges of the hydrocarbons in each roughly correspond to 41 ± 2 36 ± 3 1500 22 ± 2 17 ± 2 those of gasoline (C 6 to C 10-12 ), kerosene (C 11 to C 14 ), diesel fuel (C 8-12 to C 24-26 ), and oil (C 20 to C 28-C30 ), respectively. The chromatographic profiles ( Figure  3 ) from the soil organic extracts from soils that had been supplemented with co-substrates confirm that TPH GRO and TPH KRO were strongly biodegraded. TPH ORO was degraded to a great extent despite its recalcitrant nature, clearly indicating native microbiota adaptation.
In contrast to results reported by Del'Arco and de França (2001), who worked with sandy soil contaminated with Light Arab oil, with TPH concentrations not greater than 14g/kg of soil, due to inhibitory effects, the initial hydrocarbon concentration of approximately 29g/kg of tropical soil did not exhibit bioprocess inhibition, illustrating the need to investigate each system and the potential of its soil microbiota individually. This work used landfarming soil for the treatment of oily wastes; therefore, the native microbiota was already adapted, contributing to the removal of hydrocarbons.
Regarding CHR and BaP biodegradation, both SBO and GLY enhanced PAH biodegradation (Table  2) . PAHs are very toxic compounds, being of great interest in contaminated sites. CHR has four aromatic rings while BaP has five condensed rings. The use of co-substrates increased CHR and BAP removal, with a co-substrate concentration of 750 mg/kg resulting in the greatest removal of the two PAHs for both types of co-substrates. Another issue to be taken into account is the soil intemperism (with a soil fine particle content of 38% clay and silt), which increases the sorption of hydrophobic organic contaminants such as PAH in the solid matrix, decreasing the rate and extension of biodegradation. In intemperised soils, the transfer of pollutants is the step that limits the bioprocess (Nocentini et al., 2000) . Glycerol is a water soluble carbon source that is more available as a nutrient to different types of microorganisms. Because GLY is able to enhance biosurfactant production, it can have a favored bioremediation process Figures 4a and 4b reveal that: 1) microbial concentrations increased during 7 days of the process, so the contaminated soil initially had noninhibitory concentrations of macronutrients (N and P), which are important elements for biomass production; 2) co-substrate supplementation favored bacteria growth but only influenced fungal metabolism slightly, which exhibited similar profiles with or without supplementation with either co-substrate. This result is corroborated with findings reported in the literature 
CONCLUSIONS
GLY and SBO were used as co-substrates in the biodegradation of oily waste in contaminated soil. At a concentration of 750mg of co-substrate per kg of soil, each co-substrate attained optimal TPH and PAH removals in terms of CHR and BaP removal from an intemperized soil. Sorption of organic hydrophobic contaminants to the solid matrix is favored in this type of soil, decreasing the rate and extension of biodegradation. The supplementation of co-substrates is of great importance because it can favor contaminant mass transfer from the solid matrix to microorganisms. The use of the cosubstrates also increased THB and TF, enhancing soil biotreatment. As GLY is an abundant byproduct of biodiesel production, its utilization as a co-substrate in contaminated soil bioremediation constitutes an important product destination. Finally, the potentials of GLY and SBO for biotreatment of soil were verified experimentally.
